Abstract. The North Atlantic Current (NAC) forms part of the boundary between the subtropical and subpolar gyres in the North Atlantic Ocean. The current has topographically controlled stationary meanders that appear to grow and decay. A region east of the current in the Newfoundland Basin contains water of mixed subpolar/subtropical properties, suggesting that there is exchange across the NAC. This study considers data from isopycnal RAFOS floats launched in the NAC region from 1993 to 1995. We use the RAFOS data to define the "frontal zone" as a pressure range where the jet is most likely to be found. This definition requires a latitudinal dependence as the NAC shoals to the north. Floats shallower and deeper than this range are defined to be on the subpolar and subtropical side, respectively. These definitions are used to estimate mixing that occurs between the current and its surroundings and to estimate the relative quantity of exchange of water parcels between the two gyres. Only small quantities of mass exchange from one gyre to the other are found, but there is a distinct asymmetry leading to a mean flux from the subpolar to subtropical sides. We also find that floats spend significant time in the frontal region and are frequently exchanged between fast and slow moving waters, particularly at the meander extrema. Diffusion, while in the jet, leads to eddy cross-frontal exchange which is important for the exchange of properties across the NAC.
Introduction
Recent studies have explored the mechanisms and frequency of exchange between strong oceanic jets and surrounding slower moving waters and the exchange of water parcels and water properties between two different physical or chemical regions. One of the most intensely studied dynamic fronts is that associated with the Gulf Stream. This ocean current separates the warm, salty Sargasso Sea from the fresher, colder slope water. These waters also have different concentrations of tracers, such as oxygen and biological species. Clearly then, the Gulf Stream acts as a boundary between the two water masses, and yet observations of oxygen concentrations [Bower et al., 1985] and Lagrangian subsurface drifters [Song et al., 1995] have shown that exchange does occur within the Gulf Stream system. These studies have spurred several analytical and modeling investigations of the nature of mixing and stirring within a meandering, propagating jet [Bower, 1991 In this study we consider Lagrangian observations of exchange in the continuation of the Gulf Stream, the North north. This water is of subpolar origin, and we will refer to it as "subpolar." The Newfoundland Basin is therefore a meeting point of the subtropical and subpolar gyres, and the two very different water masses flow together, creating a strong thermal front. There appears to be a slow eastward moving body of water of inhomogeneous character to the east of the NAC [Harvey and Arhan, 1988; Kearns, 1996] , suggesting a mixing of subtropical and subpolar properties. Exchange across the jet is fundamentally an interaction between the subtropical gyre and the subpolar gyre systems and therefore has important consequences for the gyre-scale dynamics of, for instance, the potential vorticity budget [Lozier and Riser, 1990 ; Dutkiewicz, 1997] and the transport of heat from low to high latitudes and in the distribution of chemical tracers and biological species.
A strong meander pathway seen in previous studies of the NAC region [Kearns, 1996; Lozier et al., 1996] was also identified in a RAFOS float study conducted during 1993-1995 [Anderson-Fontana et al., 1996; Rossby, 1996] . The data collected by these floats are discussed in section 2. We differentiate between two processes: the loss of water parcels from the fast moving jet to slower moving surrounding waters and the exchange of mass and properties between the two gyres to either side of the NAC. In section 3 we define specific regimes, such as the "jet" and the "frontal zone," to aid in the investigation of these processes. In section 4 we determine statistics from the float data that provide a measure of the mixing. In section 5 we discuss and summarize these results. of the experiment and the data recovered are discussed by Anderson-Fontana et al. [1996] . For the purposes of this paper a few key points will be noted. The RAFOS floats are designed to track water parcels along constant density surfaces and to record temperature and pressure every half day. The temperature measurements are accurate to within 0.1øC, and the pressure measurements are accurate to within 10 dbar. Every half day the floats listen for signals from four sound sources moored in the region. The travel time from two or more of these sources provides the float's location. The floats were also designed to period!cally profile up and down 0.1 at unit from their surface, measuring temperature and pressure at the top, middle, and bottom. The floats were deployed on three cruises and had average mission lengths of 10 months, providing coverage in the Newfoundland Basin for 2 years. The floats have the same compressibility as seawater, so by definition they will follow a specific volume anomaly surface. They were ballasted for one or the other of two specific volume anomalies which, for convenience, are referenced in this paper by the isopycnal surfaces they approximate, 27.2o-t and 27.5 o-t [Carr et al., 1997] . The lower surface (27.5trt) does not outcrop in this region and was, in general, not affected by seasonal forcing. The upper surface (27.2trt) does outcrop in the northern part of the Newfoundland Basin and will certainly be affected by seasonal forcing. To preserve the floats against the damage encountered when on the surface, the floats were programmed to operate in isobaric mode once they reached 200 dbar or less. By using conductivity-temperature-depth (CTD) casts conducted at the time of deployment, Carr et al.
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[1997] estimated the actual density that the floats tracked. The temperature and pressure measurements were then corrected back to the target density surface using the profile information.
The corrections were on the order of 0.3øC and 60 dbar. Since this study is interested in the velocity measurements, floats farther than 0.1 at from their target density were not used. A set of 39 floats on the 27.2o-t surface and a set of 25 floats on the 27.5tr t surface provide data for this study. The trajectories of these floats are shown in Figure 2 .
The NAC pathway and variability derived from the float data are discussed in the remainder of this section. The float data have been compiled into 0.5 ø x 0.5 ø means and standard deviations. The bins were required to contain data from at least two floats, and no single float was permitted to contribute more than five measurements in any bin: Where there were more measurements in a bin, the chosen data were evenly spaced throughout the record, and no bin with <10 measurements was considered. The above requirements provide a view of the Newfoundland Basin mean velocity, eddy kinetic energy, mean pressure, and mean temperature structure along the two density surfaces (Figures 3 and 4) . The fields were smoothed using a simple weighted average method where each bin was weighted one and the eight adjacent bins were weighted one eighth. In Figures 3c, 3d This study focuses on the current between the Southeast Newfoundland Rise and the Northwest Corner. In this region the current appears as a coherent feature, and the float data provide good coverage. A modeling study [Dutkiewicz, 1997] demonstrates that much of the cross-frontal exchange occurs in the region where the front and associated instabilities are strong, and less exchange occurs when the front becomes more Figures 3d and 4d) clearly indicates not only an east-west gradient of pressure associated with the jet but also a shoaling toward the north. This shoaling is also evident in CTD sections ( Figure 5 ). Similarly, the temperature is colder both to the west and to the north (Figures 3c and 4c) . The isopycnals associated with the jet shoal sharply between 42.5øN and 46.5øN, remain at a more constant depth near 48øN, and shoal again farther north. For the purpose of examining exchange across the current, we therefore require a definition of the current that takes this latitudinal dependence into account. We accomplish this by estimating the range of pressures that encompasses the central part of the NAC at each latitude, 0, using the RAFOS float data. We will refer to this "center" of the jet as the "dynamical 
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The region of study is the NAC between 40.5øN and the Northwest Corner, 52.5øN; however, we wish to exclude the recirculating portion of the Mann Eddy and the Subpolar Front, for both of which the definitions above are not accurate.
The study region therefore covers from 50øW to 36øW, except for regions to the southeast and northeast. The boxes denote the study area in Figures 9, 10 , 11, 13, and 14.
As an initial example, we consider float 269 on the 27.5o' t surface. Figure 9a shows We now examine the float data with regard to our two sets of definitions based on (1) float pressure related to the analyzed range of pressures which describe the dynamical front associated with the NAC and (2) float horizontal speed referenced to various (arbitrary) threshold speeds. The observations are composed of floats that remain for 2 days in a specific speed or pressure region. This requires that at least five data points show similar values, thereby reducing the problem of noise and/or small-scale turbulence.
Referenced to Pressure
For the floats in the study domain we have 6940 pressure data points for the 27.2rr t surface and 7864 points for the 27.5% surface ( Table 1) For the purpose of considering the likely fate of floats that enter this frontal zone, we consider only those portions of float trajectories that entered and exited the frontal zone while in the domain of study. The trajectories (38 for 27.2rr t and 39 for 27.5rrt), and some statistics for these cases, are shown in Figure 11 and Table 2 side (solid lines in Figure 11 ), denoting the exchange of mass from one gyre to the other. The remaining floats entering from the subpolar side return to the subpolar side after some time spent in the dynamical front (dashed lines in Figure 11 ). Of those that start on the subtropical side, only 1 (5%) crosses to the subpolar side; the remainder are expelled again to the subtropical region. There is therefore an asymmetry in the exchange of mass between the two gyres. This is also true of the 27.5rr t surface (Figure 11b ), where 66% of the floats cross from the subpolar to the subtropical gyre after entering the dynamical front and only 23% cross from the subtropical to the subpolar side. On both surfaces, exchange occurring within the 44øN trough appears to be predominantly mass exchange (solid lines in Figure 11 ), which suggests a mean mass flux from the subpolar to subtropical gyre. Floats that are involved in mass exchange tend to spend longer in the frontal zone and lose/gain more heat along their trajectory than those that cross into the frontal zone and exit again on the same side. Floats on the lower surface gain or lose 0.5øC as they cross between gyres. Farther north, and especially on the 27.2o' t surface, floats that enter the frontal zone tend to exit again to their original gyre. However, these floats still lose/gain heat during their exposure in the frontal zone: -0.3øC for subpolar floats and about -0.05øC for subtropical floats. Such behavior, discussed further in section 4.2, will lead to property exchange along the jet. (Figure 13b,  bottom) . Such particles in the frontal zone will tend to mix properties as they travel back and forth across the front, with subsequent losses from the jet on either side transporting these properties into different regions. In a numerical model study [Dutkiewicz, 1997] this mechanism was also found to be important in the mixing of tracer between two gyres, provided that a corresponding property front was present. We note that this type of exchange is the same process as the "dissipative meandering" discussed by Lozier and Riser [1990] in the context of a quasi-geostrophic midlatitude jet.
To estimate the amount of such an eddy exchange of properties that occurs due to meandering within the frontal zone, we now examine the position of the floats with respect to fast and slow moving regions. We consider three arbitrary threshold speeds and show the results in Table 3 . We find that 49%, 23%, and 10% of the float data on the 27.2rr t surface are above the three threshold speeds (30, 45, and 60 cm s-•). The lower layer has slower moving water with 25%, 7%, and 2% of the data being above these three speeds. Floats remain in the fast moving regions for only a few days on average (see Table  3 ).
In Figure 14 the trajectories of these excursions into fast Table 3 ). Expulsion of floats from the jet generally occurs to the east when approaching troughs and to the west when approaching crests; however, losses appear mostly to the offshore side of the current; that is, into the subtropical gyre. The losses to the east at the 44øN and 47øN troughs correspond with the branching of the NAC suggested by Arhan [1990] . Those floats lost onshore of the current are frequently caught in the recirculations associated with the troughs (e.g., 44øN and 47øN) and later become reentrained in the jet. The Northwest Corner is also a region of considerable expulsions from and entrainments into the jet.
Discussion and Summary
Parcels of water that cross the entire frontal zone not only exchange properties but move mass from one side of the front to the other. The float observations suggest that in the Newfoundland Basin, there is movement of subpolar water mass into the subtropical region but very little mass flux in the opposite direction. The preferred site for floats to cross the dynamic front is the 44øN trough and, to a lesser extent, the 47øN trough and the Northwest Corner. Floats on the 27.5o-t surface lose or gain •--0.5øC as they cross between gyres. Floats on the upper surface also appear to lose/gain heat during the crossing, although with significantly smaller amplitudes. The lack of a tight structure to the NAC makes it difficult (i.e., beyond the scope of this paper) to calculate more definite cross-frontal property exchange values. Subpolar properties lost to the subtropical zone through both mass and property exchange are diffused into the waters of the Newfoundland Basin by the slow eastward moving region of water found to the east of the NAC. This accounts for the mixed properties of the water as found by various authors [e.g., Arhan, 1990; Kearns, 1996] . In contrast, properties lost to the subpolar side will not mix over as wide an area. We found that many of the floats lost to the jet on the subpolar side would be reentrained into the jet. An exception is the water lost from the Northwest Corner that moves away from the region to the north and west within eddies. Therefore along much of the length of the NAC the subtropical side of the jet has more diffuse properties, and the subpolar side maintains high property gradients.
This study has considered the cross-frontal exchange that occurs along the length of the NAC. Although the amount of "mass" exchange is small compared to the transport of the NAC, there is a net mean flux from the subpolar gyre to the subtropical gyre. This appears to be caused by the more temporarily changing nature of the meanders on the east side of the jet (as can be noted in the eddy kinetic energy, Figures 3c  and 4c) . Hopefully, future studies of the current systems in the far North Atlantic and Labrador Sea will be able to address the open question of where and when this asymmetric flux is compensated by a net flux in the opposite direction. The most common cause of intergyre exchange of properties, however, appears to be eddy cross-frontal exchange in the form of water parcels moving into and out of the NAC.
The NAC is a unique current system in that it brings waters of such different properties into contact with one another. Exchange of these properties across the front will have an effect on the properties of the surrounding waters, especially to the east of the current, and therefore will potentially have an impact on the gyre-scale dynamics [Lozier and Riser, 1990; Dutkiewicz, 1997] . With such strong differences in temperature and salinity this mixing will potentially be responsible for inducing density changes through cabbeling processes. The cross-frontal exchange of properties will also cause the property gradients along the NAC to become weaker, especially on the subtropical side, when the current turns eastward as the Subpolar Front and crosses the Mid-Atlantic Ridge.
